Background 24
Introduction 66
Obesity is a neurobehavioral disorder that stems from a vulnerable brain in a disease-promoting 67 environment (1). Its risk factors can be studied as endophenotypes -intermediate phenotypes that 68 link biological processes to observable outcomes (2, 3). Broadly, the neurobehavioral 69 endophenotypes associated with obesity can be categorized as domain-general and eating-70 specific (4). The main domain-general endophenotype identified to date is impulsivity, defined 71 as a tendency to act without full consideration of the consequences. Impulsivity is a multifaceted 72 trait that has been associated with pathological gambling, substance abuse, and obesity (5, 6). 73
Meta-analysis of impulsivity questionnaires revealed that impulsivity can further be subdivided 74 into three domains that align with personality factors (5): 1) low conscientiousness, reflecting 75 self-control ; 2) neuroticism, a reflection of an individual's sensitivity to stress and aversive 76 events, and 3) extraversion, reflecting an individual's sensitivity to rewards (7-9). The 77 magnitude and directionality of the association between impulsivity and obesity have been 78 inconsistent (4, 10, 11). This inconsistency could be explained by different impulsivity measures 79 and domains used across studies (4, 5, 11), and to weak effect sizes relating general impulsivity 80 to BMI (12). Therefore, eating specific impulsivity questionnaires may better capture the 81 vulnerability endophenotype. 82 83 Eating-specific impulsivity constructs include emotional eating (13), disinhibited eating (14) and 84 power of food (15) . Scores on all these questionnaires consistently and strongly correlate with 85 BMI (4, 16) and with each other (17). Different eating behavior questionnaires may be depicting 86 a common underlying latent factor for eating specific impulsivity (16, 18) . This can be labelled 87 uncontrolled eating (UE). While both general impulsivity traits and UE have been linked to 88 questionnaire, participants were asked to visit our laboratory to have their BMI measured in both 158 the fall and spring. BMI was measured from 333 participants in the fall, and from 209 159 participants in the spring semester (N =115 overlap with the fall group) using a medical scale and 160 a stadiometer. Reported BMI was highly correlated with measured BMI in the fall (r = 0.91, 161
p<10
-5 ) and in the spring (r = 0.92, p<10 -5 ). We replaced the reported BMI with measured BMI 162 in the analyses for higher accuracy. BMI was further residualized for age, sex and a covariate to 163 account for whether it was reported or measured. Brain imaging was conducted on a subset of 164 participants (N=72) selected from this sample in the fall. Pre-processing of T1-weighted MRIs included denoising using optimized non-local means 172 filtering (51), correction for intensity inhomogeneity (52) and linear intensity scaling using 173 histogram matching to the ICBM-MNI152 template. The images were linearly registered to 174 ICBM-MNI152 template (9 parameter registration) (53). A mask of the brain was generated 175 using BEaST, a nonlocal segmentation method applied to the linearly registered images in 176 stereotaxic space (54 All T1-weighted MRI images were processed using the CIVET pipeline (version 2.1; 188 http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET). Native T1-weighted MRI scans were 189 first corrected using the N3 algorithm, underwent brain masking, and registration to ICBM-190 Factor analysis was carried out in order to (i) understand the shared variance of the measured 205 variables, which can be attributed to latent factor(s) and (ii) reduce the collinearity between the 206 questionnaire scores. The correlation matrix of the impulsivity traits is shown in Figure S2 . 207
Questionnaire scores were z-scored for this group and entered into the factor analysis. 208
Exploratory Factor Analysis was carried out first in order to identify the underlying factor 209 structure of our set of observed variables. All of the statistical analyses are carried out in R 210 version 3.3 (58).To account for missing values, we used the R "Amelia" library to impute data 211 (59). We conducted our exploratory factor analysis on the split half of our population of 2213 212 participants (N=1107) to create our model. Factor selection was conducted using parallel 213 analysis via the fa.parallel function from the Psych package in R (60). The generated pattern 214 matrix of standardized loadings suggested the existence of a 3-factor latent structure (Table S1) . 215 216 Afterwards, confirmatory factor analysis (CFA) was utilized to test the relationship between our 217 observed variables and their underlying latent factors in both split-halves of the sample (61). All 218 structural equation models were fit using package Lavaan 0.5 (62). BMI was log transformed to 219 increase normality. Models were fit using full information maximum likelihood (FIML) using 220 robust standard errors. Model fit was assessed with the chi-square test ( Power of Food, and Emotional Eating (DEBQ) (Figure 1-A) . We created the model in the first 233 split-half sample, and verified it in the second split-half. Both models resulted in good fits and 234 returned similar loadings (Table S2) . Following the best practices in structural equation 235 modeling (64), here we report our model in the full sample. A single factor confirmatory factor 236 analysis for UE provided a good fit for our data. We next tested the relationship between general impulsivity measures and UE and BMI. A data 242 driven exploratory factor analysis in a split-half of the data suggested a three-factor latent factor 243 structure for impulsivity traits (Table S1 ). The first factor had a negative loading from the 244 Rosenberg self-esteem questionnaire and positive loadings from Neuroticism (IPIP) and the 245 Perceived Stress Scale (PSS). We labelled this factor 'Stress Reactivity (STRESS)'. The second 246 factor had a positive loading from Lack of Perseverance (UPPS) and a negative loading from 247 Conscientiousness (IPIP). We labelled this latent factor 'Lack of Self Control'. The third factor 248 was named 'Reward Sensitivity' (REWARD) and it was characterized by positive loadings from 249 the Extraversion (IPIP) and Sensation Seeking (UPPS) subscales (Table 1) . We next tested if 250 these general impulsivity domains were associated with BMI. Using confirmatory factor 251 analysis, we showed that there is a small but significant correlation between STRESS and BMI 252 (! = 0.08, p=0.028), and REWARD and BMI (!=0.09, p = 0.028) (Figure 1-C) . 253
254
The relationship between general impulsivity, uncontrolled eating, and BMI 255
General impulsivity traits might exert their effects on BMI via UE, eating-specific 256 impulsivity. To test this, we fit the full watershed model integrating the general impulsivity 257 latent factors, the UE latent factor and BMI (Figure 1-D We hypothesized that structural brain measures might be related to the latent impulsivity factors. 274
To test this hypothesis, we included brain regions that have been linked to impulsivity traits and 275 obesity in the full model. Cortical regions were measured using cortical thickness (CT) and 276 anatomical differences in subcortical regions were measured using deformation-based 277 morphometry. We found that STRESS was positively associated with amygdala volume ( The purpose of the current study was twofold (i) to provide a comprehensive link between brain 300 structure, impulsivity and obesity, and (ii) to characterize the temporal relationship between 301 impulsivity and weight changes. We utilized a large sample size (N>2000) of first-year students 302
and accounted for the multidimensional nature of impulsivity to study these relationships. The 303 models were developed in the first split-half of the sample and replicated in the second. 304
305
We first stratified impulsivity into two domains: general and eating-specific, and then tested the 306 relationship between these two domains. We showed that the variance of different eating-specific 307 questionnaires can be captured by a general underlying latent factor (UE). UE had a strong 308 relationship to BMI. This result was consistent with previous studies suggesting that different 309 food questionnaires are measuring different severity levels of a common latent factor: eating-310 specific impulsivity (16, 18). Next, we demonstrated that the commonly used general impulsivity 311 questionnaires can be explained in a three-factor structure that align with the general personality 312 domains of neuroticism (stress sensitivity), conscientiousness (self-control), and extraversion 313 (reward sensitivity) (Figure 1-C) . This result is in agreement with the previously published meta-314 analysis of impulsivity factor structure (5), and highlights the multifaceted nature of impulsivity. 315
316
We hypothesized that people with general impulsivity traits might also exhibit eating-specific 317 impulsivity, and that the relationship between general personality domains, UE and BMI would 318 be hierarchical. Using the hierarchical watershed model, we first showed that each general 319 impulsivity domain had an independent and positive correlation with UE (Figure 1-D) . While 320 stress reactivity and reward sensitivity weakly correlated with BMI, we showed that this was 321 mediated by UE (Figure 2 ). This mediation was specific for BMI. For example, increased scores 322 in each general impulsivity domain, but not UE, were linked to increased alcohol intake (Figure  323   S3 ). This suggests eating-specific impulsivity (UE) captures the relationship between impulsivity 324 and obesity. 325 326 Differences in brain structure might underlie differences in impulsivity domains (20). We next 327 tested if brain morphometry related to impulsivity or if it had an independent correlation with 328 BMI. Our results showed that cortical thickness in lateral OFC is inversely related to the self-329 control and stress reactivity latent factor scores ( Figure 3 ). This is in line of the role of lateral 330 OFC in maintaining goal-oriented focus by suppressing irrelevant information (65-67). 331
Furthermore, lateral OFC and its neighboring ventrolateral PFC have also been implicated in 332 emotional regulation, particularly in the reduction of negative affect (66, 68, 69). Lateral OFC 333 thickness has been shown to be lower in adults with obesity (70). Our results add to this literature 334 and suggest that reduced lateral OFC thickness might affect impulsivity and thereby appetite 335 control and obesity. 336 337 Both amygdala and hippocampus have been implicated in the control of food intake as well as in 338 stress reactivity (71-74). In this study we showed that a personality dimension related to stress 339 reactivity was associated with greater amygdala volume and lower hippocampal volume, 340 consistent with previous reports (26, 27, 75). Our results suggest that differences in amygdala 341 and hippocampal volumes might relate to increased stress reactivity which can lead to UE and 342 obesity. Independent of these relationships, we showed that superior frontal gyrus thickness was 343 inversely related to BMI consistent with the literature (70, 76, 77) . This suggests that some brain 344 regions might be important in overeating and obesity independent of impulsivity. 345 346 Finally, we tested the hypothesis UE underlies vulnerability for weight gain. We utilized the 347 transition period into university that is associated with high risk of weight gain to study this 348 hypothesis. In our sample, the average weight gain was small, but significant, and was similar to 349 previously reported studies (40). However, in this sample we failed to find that UE was a 350 predictor of weight gain. This could be due to limited duration of the study. been consistently linked to a lower risk of having and developing obesity across independent 362 samples (84, 85). These results are generally derived from sample populations with a higher 363 mean age than ours, suggesting that self-control deficits may be more associated with BMI as 364 individuals age and start making their own food decision. Our findings thus point to self-control 365 deficits as risk factors for future weight gain in young populations. 366
367
Higher stress reactivity correlated with longitudinal weight loss in our study. This result is 368 surprising, and yet, it is consistent with the existence of bidirectional effects of stress on eating 369 behaviors. Stress is associated both with weight-gain and weight-loss longitudinally (86, 87) . 370
This bidirectional relationship might be partly mediated by sex differences, since there seem to 371 be biological and psychological variations in stress responses among sexes (88). Male 372 participants that report distress at the transition from high school to university tend to lose weight 373 (89) and decrease their food intake compared to female participants (90). In a similar vein, our 374 post hoc analysis revealed that stress reactivity was associated with weight loss only in male 375 students. Conversely, the stress reactive endophenotype was associated with higher BMI, 376 possibly due to differences in the effects of chronic versus acute stress on appetite and weight 377 gain (91). 378
379
The results of our study should be considered with regards to its limitations. Although we had a 380 large sample group, whereby we were able to detect and replicate results from meta-analyses, 381 most of our measures were self-reported. In addition, brain imaging was conducted with a 382 smaller subset from the sample. Therefore, the relationship between impulsivity and brain 383 morphometry were only tested in regions of interest based on the literature. This limits the 384 generalizability of the brain imaging results. 385
386

Conclusions 387
The present study provides a comprehensive characterization of the relationships between 388 different facets of impulsivity and obesity. We show that structural brain differences relate to 389 differences in impulsivity domains which affect BMI via eating-specific impulsivity (UE). 390
However, predictors of weight gain, at least in the short-term, are different than the risk factors 391 associated with increased BMI. Deficits in self-control, not UE, predict longitudinal weight gain, 392 while higher stress reactivity predicts weight loss in the first year of university (in males). The full watershed model that links general impulsivity traits to UE and UE to BMI fits the data 697 Parallel analysis is a technique that compares the scree plot of the observed data with that of a 28 random data matrix of the same size as the original (Revelle). Sharp breaks in the scree plot, 29 which plots successive eigenvalues, provide an estimation of the appropriate number of factors to 30 extract. After analyzing the generated pattern matrix, we decided to exclude Imagination, 31
Restraint, Agreeableness from our factor structure. These variables had poor communalities, 32 meaning our factor structure explained a relatively low fraction of the variance for these 33 variables. Re-running our parallel analysis suggested that the optimal number of factors = 3. 34
Parallel analysis suggests that the number of factors = 3 35
Factor Analysis using method = minres 
Watershed model 154
In order to study the endophenotypes that related to BMI in a watershed model, we needed to 155 statistically satisfy three major criteria (as explained in 1, 2). 1) Higher statistical dimensionality 156
